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Background 

When lights strike a surface, some lights bounce back and others are absorbed by 
or transmitted through the media underneath the surface. The light bounced off is 
reflection. The properties of light reflected, transmitted, and absorbed can be used to 
measure analyte concentrations. 

Many medical instruments use the reflectance principle to detect analytes in a 
sample, for example the glucose meter from LifeScan, Abbott and Roche; blood analysis 
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and monitoring products by Diavant Reflotron Plus; fructosamine measurement from 
LXN, while the lipid panel detection system from Cholestech. Reflectance biosensor 
takes readings from a surface that is covered by an inert porous matrix impregnated with 
a reagent that interacts with the analyte to produce a light-absorbing product. The 
operating principle of reflectance detection is as follows: A dry reagent is either 
immobilized or simply absorbed on an opaque membrane. The reagent reacts with an 
analyte, giving a product that absorbs the light of certain wavelength. When light strikes 
on the membrane, the unabsorbed light reflects back to the receiver, yielding an analysis 
of the properties sought. The amount of lights reflected is inversely proportional to the 
amount of analytes on the membrane. 

Reflectance detection can be used not only in measuring analytes by chemical 
reaction, but also in immunoassays. In a solid phase competitive immunoassay, an 
antibody or antigen is immobilized on the membrane. Labeled analytes will compete with 
free analytes in the sample to bind to the membrane. In a solid phase sandwich assay, a 
labeled antibody is bound to an analyte, forming a complex, which in turn binds to a 
capture zone of the membrane where a specific antibody to the analyte is located. In both 
competitive and sandwich immunoassays, the analytes of interest and interferents are 
separated as the sample traverses the membrane. Unbound elements are washed through 
the membrane pores to the absorbent materials. The labeled analytes on the capture zone 
are readily detected in their natural state by the reflectance method. 

Tests using the reflectance principle have several advantages. The most 
significant one is simplicity, multiple-step tests, like immunoassays, are simplified. The 
visible signal can be assessed without complicated operations. The tests for HCG, H. 
Pylori, drug screen, and HbAlc use this principle. These diagnostic tests are simple, 
quick and easy to use, and therefore have large market in home users and doctor's 
offices. The tests with reflectance principle, however do have disadvantaged due to the 
opaque membrane used. Light does not transmit through an ideal opaque membrane. In 
fact, it will reflect back almost completely to the receiver if no light absorbing product is 
generated from the analyte-substrate reaction on the membrane. A Thicker membrane 
absorbs more samples, thereby, increasing the analyte mass absorbed on the membrane, 
yielding more products, and absorbing more light, therefore less light reflecting back to 
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the receiver. Based on this, increasing membrane thickness can enhance detection. 
Unfortunately, this potential advantage is negated by a physical limitation. Because of the 
opacity of the membrane, detection is possible only if light absorbent products are near 
the membrane surface. However the products are distributed evenly throughout the 
membrane depth. Any light absorbent products bound deeper than 10 j^m under the 
surface become undetectable, their color being masked by the opaque membrane. Since 
the visible depth is constant for a given membrane, the impact of increasing the 
membrane thickness to improve sensitivity has limitations. It is for this reason that the 
majority of immunoassay tests using reflectance principle are not quantitative, but 
qualitative. A few immunoassays with reflectance principle are quantitative, but they 
have narrow separation range, limited sensitivity, and poor performance. 

Analytes, such as glucose and cholesterol, have high concentrations in the blood. 
They range many fold from normal to abnormal levels. These analyte signals are 
sufficiently high to be measured by the reflectance detecting system, therefore, making 
sensitivity limitation not an issue in these tests. Unfortunately, in most clinical tests, 
including therapeutic drug monitoring, tumor markers, cardiac markers, hormones, 
infectious diseases indexes, autoimmune diseases indexes etc., analytes are low in 
concentrations. The concentration difference between normal and abnormal is marginal, 
especially in some drug monitoring tests, such as digitoxin and theophylline. The HbAlc 
test has a very narrow critical range to determine whether the patient's disease is under 
control. Some hormones (such as gonadotropines) fluctuate enormously and rapidly. 
Clearly, a quick, easy, accurate, and sensitive test with expanded testing range is needed 
for detecting such analytes. 

To increase reflectance detecting sensitivity, many inventors use sensitive 
substrates to amplify the product color intensity through chemical reaction, while others 
improve the qualities of light sources and detecting systems. All these efforts do not 
significantly improve sensitivity. In addition, high quality light sources and detecting 
systems are costly. A system many folds more sensitive than that of current glucose or 
cholesterol detecting systems is needed for analytes with low concentration or those 
requiring an expanded separation range. 
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Tests requiring high sensitivity are usually run with a transmittance detecting 
system. Its principle is Beer's law. It states: A = abc, where A is absorbance; a is the 
extinction coefficient absorbent product; b is length of the light path through the light 
absorbing product in the liquid solution (in cm); and c is the light absorbing product 
concentration (in moles per liter). Based on Beer's law, increasing the path length of the 
absorbing product will improve the detecting sensitivity. Transmittance detection is 
satisfactory for testing analytes with low concentration and narrow separation range, 
because it detects analytes in the full depth instead of a fraction layer near the surface as 
the reflectance detecting system does. When analyte concentrations are very low, the 
signals at different levels can not be distinguished by reflectance detection, but can be 
differentiated by transmittance detection if the light path through the analyte 's product is 
increased. 

Transmittance detecting principle has been widely used in many medical 
diagnostic systems, such as Roche's Fara/Fara II system, Abbott's Vision system, and 
Abbott Spectrum system. These systems have developed automated machines to run 
clinical tests. One example, ELISA (Enzyme-Linked Immuno-Sorbant Assay), is widely 
used in clinical immunoassays. These tests are performed in the liquid phase and in 
multiple steps. Technicians running a central clinical laboratory must be trained to 
operate these automated machines. Patients have to wait at least three to seven days to 
have testing result back. Promptly providing accurate information on diagnosis is crucial 
in treating acute diseases. Ideally, operation of the test should be simple, easy, no need 
trained laboratory technician to run the test. Reliable test results should be obtained in 
two or three minutes per parameter, so that the patient can be treated without delay. With 
such an efficient system, many tests currently run in central labs can be tested in small 
clinics or even at home. Patients will benefit tremendously from this convenience. Such 
applications will have a huge market. In this patent application, the invention uses a novel 
strategy to achieve this goal is described. 

Summary of the Invention 

Reflectance biosensors have sensitivity limitations. Many clinical tests require an 
extremely high sensitivity that is far beyond the reflectance biosensor's capability. Then 
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detection principles, such as transmittance, fluorescence, magnetic field, 
chemiluminescence, and electrochemistry have been widely used. However, these tests 
procedures are much more complicated, need special equipment, and require well trained 
technicians. Chromatography is a powerful technique for the separation of 
biomacromolecules using their specific biological activity or chemical nature. The 
separation media consists of a ligand attached to an insoluble, inert matrix. When the 
biological fluid passes through the chromatography media, the analyte will bind to the 
media while interferents and other proteins will be washed away by the biological fluid as 
wash. The capture of the analyte by chromatographic media simplifies the test process. 
When we combine these sensitive detections and simple analyte captures together, the 
test will have good sensitivity as well as simplicity. 

The testing system consists of a dry chromatographic strip and transmittance 
detecting device. The detection area is filled with transparent beads instead of opaque 
membrane. Transparent porous materials could be substituted for the beads, but in the 
following test, only the beads are mentioned. The bead thickness in the detection area can 
be adjusted to meet the detecting sensitivity requirement. The chemical reagent will be 
absorbed or bound to the beads. The reactive analyte, when it passes through the 
detection area, reacts with a chemical reagent on the bead to generate a light-absorbing 
product of a certain wavelength. The light absorbed is proportional to the analytes in the 
sample. In the case when an analyte has specific binding sites, the affinity reagent can be 
immobilized on the beads. The analytes will bind to the affinity reagents on the beads 
when the sample passes through the beads. Bound analytes can be detected by their 
absorbance at certain wavelength or by absorbance of their color metric product from 
reaction with adjacent substrates. In the case of immunoassay, the antibody or antigen 
also can be immobilized on the beads. The labeled antibodies or antigens impregnated on 
the passages will flow through the beads, they then bind to their target, and their signals 
can be detected directly. Indirect detection in immunoassay involves conjugating the 
enzyme to the antibody or antigen, enzyme labeled antibody or antigen bond on the 
beads. A color product will be generated by the reaction of the enzyme with its substrate. 
The light absorption of the product will be read by the transmittance detecting system. 
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In short, the invention furnishes enormous analytical advantages, including 
improved precision, expanded detection range, faster testing and most importantly easy 
use. The transmittance system provides a sensitive detecting capability, which the 
reflectance system does not. The chromatographic strip simplifies the procedures and 
achieves the simplicity and reliability as opaque membrane does. For these reasons, this 
new approach will bring great convenience for home users and small clinics. 



Drawings 

Figure 1 Principle of transmittance detecting system 
Figure 2 Parallel cell arrangement in chromatographic strip 
Figure 3 Test strip used in experiment 

Figure 4 Glycated hemoglobin measurement using chromatographic strip and 

transmittance detection 
Figure 5 Total hemoglobin measurement using chromatographic strip and 

transmittance detection 
Figure 6 Glycated hemoglobin quantitation by their peroxidase activity using 

chromatographic strip and transmittance detection 
Figure 7 Quantitation of the peroxidase activity of IgG-HRP using chromatographic 

strip and transmittance detection 



Strip design and analyte detection 

Figure 1 is schematic diagram of general principle of the transmittance detection 
system. Incident light passes through detection cell and reference cell of the strip. The 
light absorbing product in the cell will absorb the light and the light transmitted will be 
less than the incident light. The transmitted light is inversely proportional to light 
absorbing product. The signal will be received, and processed and given final read out 
result. The whole strip (figure 2) has six major components: 1 is sample application well; 
2 and 4 are passages; 3 and 5 are the reference cell and detection cell, respectively; 6 is 
absorbent portion filled with fluid absorbent materials. The frame of the strip can be 
made from any plastic material or glass. Reference cell 3 and detection cell 5 are filled 
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with light transmittable material for transmittance detection purpose. The detection cell is 
also named capture zone, which captures analyte in the sample when the sample flows 
through the cell. The passages 2 and 4 will be filled with materials permeable to fluids. 
Biological fluid containing analytes will be applied to sample application well 1. The 
sample flows through passage 2 to reference cell 3, and passage 4 to detection cell 5. 
There is no fluid communication between passages 2 and 4, or between the cells. The 
sample flows through to the passages 2 and 4 equally and simultaneously. The materials 
in the passages do not bind non-specifically to the analytes. The cell dimension and 
materials used in passages 2 and 4 should control the sample flow speed to provide 
optimized flow rates, so that reaction in the cells can be completed in desired time 
periods. The chemical reagent will be absorbed on the materials in the passages 2 and 4, 
and dried for future application. When a sample is applied to the chromatographic strip, 
and as it flows through the passages, the reagent will travel to the reference and detection 
cells, providing an optimized condition for the antibody-antigen interaction, analyte 
affinity binding or analyte-substrate reaction. The strip can be any shape, fitting into 
transmittance detecting system. The absorbent materials in the absorbent portion 6 absorb 
the fluids when the sample flows down to the portion. Openings in the absorbent portion 
allow the sample to be drained from the cells into the absorbent portion by gravity, 
preventing back flow from the absorbent portion to the cells. The amount of absorbent 
materials in the portion should be sufficient to absorb the desired volume of the sample 
fluids passing through. 

The transparent beads in the reference and detection cells can be made from silica, 
cellulose, cross-linked dextran (sephadex), cross-linked agarose (sepharose), superdex or 
other suitable materials. Transparent beads could also be polystyrene, polypropylene, 
polyethylene, Permanox plastic, glass, styrene, divinylbenzene, 
polymehtylmethacrylate, polyvinyltoluene, butadiene or vinyltoluene, alone or in 
combinations. The chemical reagents, affinity reagents, antibodies, antigens, and 
enzymes can be simply absorbed on the beads in the cells. Alternatively, a variety of 
functional groups, such as sulfate (-S0 4 ), aldehyde (-CHO), aliphatic amine (-CH 2 -NH 2 ), 
amide (-CONH 2 ), aromatic amine (-0-NH 2 ), carboxylic acid (-COOH), chloromethyl 
(CH 2 -C1), epoxy (-C-C-O), hydrazide (-CONH-NH 2 ), hydroxyl (-OH), sulfonate (-S0 3 ) 
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and tosyl could be attached to the beads. The functional groups on the beads permit 
covalent coupling reactions for the stable attachment of the substrates, affinity reagents, 
enzymes, proteins, antibodies and antigens on the beads. The materials in passages 2 and 
4 can be porous plastic, cellulose paper, glass fiber, polytetrafluoroethylene (PTFE), 
polypropylene, polyester, acrylic copolymer, polyethersulfone, nylon, nitrocellulose, 
polystyrene, cotton, polyvinylidene fluoride (PVDF), polysulfone, rayon, rayon acetate, 
polyurethane, polyethylene, filter paper etc. 

Direct labels such as colored particles, metallic sols (colloidal gold), dye sols, 
charged particles, magnetic particles, fluorphors, and colored latex particles are suitable 
for signal detection. Indirect labels, such as enzymes, e.g. alkaline phosphatase and 
horseradish peroxidase (HRP) can be used, but they usually require additional substrate 
immobilized on the beads before a visible signal can be detected. 

The reference and detection cells can be circular or any other shape such as 
retangular, square, oval, trapezoidal, triangular etc. The cells can be any size and 
thickness suitable for the requirements of the analyte detecting range. The sample flow is 
directional, and can be vertical or lateral. The sample flow can be generated by gravity, 
capillary action, wicking, vacuum pump, peristaltic pump, or other means. The detection 
principle is not limited to transmittance, fluronescence, magnetic field, and 
chemiluminescence, as well as electrochemistry principles can also be used in 
combination with their corresponding chromatographic strip. 

The light transmission in this application is not exactly like the light transmission 
in a liquid. When the light passes from one medium to another, such as from a solution to 
the beads, it bends upon entering the new medium, because part of the wave changes 
speed before the rest does. The light bending due to a speed change is called refraction. 
The degree of refraction at the solution-bead interface depends on the amount of analyte 
collected on the beads and the beads itself. Refraction can result in light loss, if the light 
is directed away from the detector. The beads and porous materials used in this invention 
have certain degree surface refraction due to a mismatch in the index of refraction 
between the solution and the beads. One of the functions of the reference cell is to 
register the noise due to the light refraction when it passes the solution-bead interface. 
These noise signals will be subtracted from the signals obtained in the detection cell. To 
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maximize signals detected, one should either use materials having a refractive index close 
to the solution to reduce the refraction, or fill the space among the beads a material whose 
refractive index is closer to the beads to reduce the refraction, or design the detecting 
device at certain angle to collect the refracted light from the beads. 

Another potential source of interference is that lights hit non-smooth surface, such 
as beads, at different angles. Each is reflected at a unique angle. Thus, the reflected lights 
are scattered in all directions. The light scattering caused by surface irregularity is called 
diffuse reflection. In the reflectance detecting system, the opaque membrane is very 
smooth, making the diffuse reflection sufficiently minimal, so that it can be neglected. 
The beads have an irregular surface. The light undergoes diffusion before it passes 
through the product. The reference cell will also register the noise due to the light diffuse 
reflection. Subtraction of the noises from signal is important for corrected detection. 

Detailed description of the invention 

General procedure of the test 

Sample will mix with a buffer. This mixture will then be applied to the sample 
application well, flowing automatically through the strip. Analytes interested in the 
sample mixture will be captured on the beads in the detection cell being detected as 
described above. To make test as one-step test, whole blood will be added to the sample 
application well. At the bottom of the well is the blood separating materials. The plasma 
or serum will be separated from the red blood cells. Plasma passes through these cells and 
is drained to the absorbent portion. The captured analyte reacts with the adjacent 
substrate on the beads to generate a light absorbing product, which can be detected. 
Alternatively, no substrate immobilization on the beads is needed if the sample is applied 
first, and then a buffer containing substrates is added to the well. Such a strategy adds one 
more step to the testing procedure, but may give less disturbing noise and a clearer 
background. If direct visible labels are used in the test system, then no substrate is 
needed. Direct detection of captured labels on the detection cell indicates the relationship 
with analytes in the sample. 
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Strip for competitive immunoassay 

The enzyme labeled analyte will be absorbed on the passages. The enzyme 
substrate will be absorbed or immobilized on reference and detection cells. Only the 
detection cells will be coated with an antibody specific to the analyte. When a diluted 
sample is applied to the well, it will flow through the passages and the analyte will mix 
with the enzyme labeled analyte on the passage 2 and 4. Both free analytes and the 
enzyme labeled analytes in the mixture will compete for binding to the antibodies when 
they flow down to the detection cell. The amount of enzyme labeled analyte captured in 
the detection cell is inversely proportional to the amount of the analytes in the sample. 
The enzyme substrate immobilized in the adjacent beads is either oxidized or reduced in 
the presence of the enzyme to produce a product that absorbs light at predetermined 
wavelength. The light absorbed in the reference cell will be the background noise. The 
absorption light in the detection cell is inversely proportional to the analyte amount in the 
sample. If a visible label to the analyte is used as in the competitive immunoassay. The 
labeled analytes will simply be absorbed on the passages. After the sample applied to the 
well, and it flows down to the passages where it mixes with labeled analytes. Mixture of 
labeled analytes and free analytes will compete for binding to the antibodies on the beads. 
The absorbance of the labels can be directly detected after they are captured on the beads. 
The amount of absorbance is inversely proportional to the analyte in the samples. 

Strip for sandwich immunoassay 

Antibody 2-enzyme conjugate will simply be absorbed on the passages. The beads 
in the detection cell contain enzyme substrate and antibody 1. The beads in the reference 
cell have only enzyme substrate as reference. As the sample flows down, it mixes with 
antibody 2-enzyme in the passages. The antibody 2-enzyme will bind to the analyte in the 
sample to form a complex. As the sample flowing further down, this complex will bind to 
antibody 1 on the beads in the detection cell, forming a sandwich. The amount of enzyme 
captured on the beads is proportional to the amount of analytes in the sample. The 
enzyme substrate near the antibody beads is either oxidized or reduced by the enzyme to 
produce a product that absorbs light of predetermined wavelength. The light absorbed in 
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the reference cell will be the background noise. The light absorbed in the detection cell is 
proportional to the amount of analytes in the sample. If a visible label to the analyte is 
used for the sandwich immunoassay, labeled antibody 2 binds to the analyte to form a 
complex. The complex then binds the antibody 1 on the beads in the detection cell to 
form a sandwich. Those labeled antibodies' 2 bind to the analytes in the sample and then 
bind the antibodies' 1 in the detection cell, presenting a visually detectable color. The 
absorbance of the labels can be quantitated directly. 

Strip for affinity reagent-analyte binding assay 

The beads in the detection cell will chemically bind the affinity reagent that is 
specific to the analyte in the sample. The beads in both cells also absorb the analyte 
specific substrate. When samples pass through the cells, the analytes bind to the affinity 
reagent on the bead and react with adjacent substrates to generate light-absorbing 
products. Unbound proteins and interferencts will be washed away as the sample flow to 
the absorbent portion. Bound analytes can be quantitated by their own light absorbance or 
by light absorbance of their color metric product. 

Strip for analyte chemical reaction assay 

The chemical reagents will be absorbed or immobilized on the beads in the 
detection cell. The analyte in the sample will react with chemical reagents on the beads 
when it flows to the detection cell, and producing a light-absorbing product. The amount 
of the light absorbed can then be read. 

Examples 

Test strip used in the experiment (one detection cell only, figure 3) 
The dry strip has a dimension of 1.58x0.35x0.041 inch. Frame 15 of the strip is made 
with Mellinex plastic. The frame itself is 0.075 inches width each side. The detection cell, 
that is: capture zone 16 is 0.2x0.2x0.035 inch dimension. Both ends 12 and 13 of the cell 
are framed with porous plastic from Porex to hold the beads between, but permit fluid 
flowing through. Both front and back of the strip are glued with a 0.003 inches of Mylar 
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transparent membrane to hold the beads in the detection cell and allow the light 
transmission through the detection cell. The absorbent pad fills the space of the strip 14 to 
absorbing fluid. Agarose beads covalently linked with the affinity reagent - boronic acid 
from Pierce are packed into the detection cell 16. 

Experiment 1 (Quantitation o f glycated Hb) 

The samples from Aalto Scientific were used for this study. The glycated Hb values of 
used samples first were determined by the Glyco.Gel II method from Pierce. The agorose 
beads derivatized with 3-aminophenylboronic acids which specifically bind glycated 
hemoglobins were packed in the detection cell 16. 20 ul of whole blood, containing both 
glycated hemoglobin and non glycated hemoglobin was applied to the sample application 
well 11. The blood flowed through top of the porous plastic 12 to the boronate agarose in 
the detection cell 16. The whole blood was incubated with boronate agarose for 2 min to 
allow glycated hemoglobin binding to the affinity reagent-boronic acid on the beads. 
Then 500 ul of the washing buffer (containing 0.25 mM ammonium acetate, 0.05 M 
MgCl 2 at pH 8.05) was applied to the application well 1 1 to wash away non bound 
hemoglobin in the detection cell 16 to the absorbent pad 14. Since the heme in the 
hemoglobin has maximum absorbance at wavelength of 405 and wavelength of 550, the 
strip was mounted on the frame of the microplate, and the absorbance of the cell 16 was 
read at wavelength OD 40 5 and OD550 by microplate reader. Amount of glycated 
hemoglobin bound on the agorose was proportional to the absorbance (figure 4). 

Experiment 2 (Total Hb reading) 

Hemoglobin concentrations of the blood samples were determined by Drabkin's method 
from Sigma. Whole bloods with hemoglobin ranging from 9g/dl to 23g/dl were diluted 
1 :20 with the sample buffer (0.25 M ammonium acetate with 0.05 M MgCl 2 at pH 8.05). 
100 ul of mixture was applied to the sample application well 1 1 of the strip. The mixture 
filled the detection cell 16. The cell 16 of the strip was read at OD405 and OD 550 (figure 5) 
same way that the glycated Hb was read. Both total Hb and glycated Hb can be read on 
this chromatographic strip. The percentage glycated Hb can be calculated. 
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Experiment 3 (Detection of the amount of GHb by their peroxidase activity) 
Alternative way to determine the amount of glycated Hb and total Hb is to measure their 
peroxidase activities. When glycated Hb binds to the beads in the detection cell, the heme 
in glycated Hb oxidizes or reduces the substrate and produces a visible color product. The 
product absorbs light at a selected wavelength. The samples with different levels of 
glycated hemoglobin were diluted with a sample buffer to 1 :50,000. The 200 ul of 
dilution was added to the sample application well, and the strip was further washed with 
200 ul of buffer washing away the non bound Hb. 200 ul of TMB membrane peroxidase 
substrate solution from KPL was applied to the sample well and as it flowed down a color 
product developed in the cell, which was proportional to the GHb bound to the beads 
(figure 6). The color intensity was determined same way as in experiment 1 and 2. 

Experiment 4 (Detection of the amount of IgG-HRP conjugates using chromatographic 
strip) 

A 1:2000 dilution (PBS) of IgG-HRP conjugate (mouse IgG-HRP from Pierce) was 
prepared. 5, 10, 15, 20, 25, and 30 ul of diluted IgG-HRP conjugate were mixed with 1 
ml of PBS respectively. 100 ul of the mixture was applied to the sample well and flowed 
down to the detection cell. Then 200 ul of the membrane peroxidase substrate-TMB was 
added to the sample well. A color product developed as the TMB substrate solution 
flowed through the detection cell to the absorbent part of the strip. The color intensity is 
proportional to the amount of IgG-HRP conjugate on the bead (figure 7). 
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